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ABSTRACT: A laser beam is directed from a ground potential 
site to a Faraday rotationv element provided in the magnetic 
?eld produced by the current in high voltage transmission line. 
The Faraday rotation element rotates a plane of polarization 
of the laser beam in accordance with the intensity of the mag 
netic ?eld. The laser beam is transmitted through the Faraday 
rotation element to a polarization analyzer at the site. The 
analyzer produces an output proportional to the magnitude of 
the current in the line. In another embodiment, waveguide 
means are used to direct an electromagnetic wave from a 
ground potential site to a Faraday rotation element in the 
magnetic ?eld produced by the current in the high voltage 
transmission line and back to the ground potential site. The 
wave is transmitted and received along the same path between 
a pair of horn antennae. 
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I CURRENT TRANSFORMER UTILIZING AN 

ELECTROMAGNETIC WAVE, A FARADAY ROTATOR, 
CIRCULAR ‘WAVEGUIDES, HORN ANTENNAE, AND 
MODE CONVERTERS TO MEASURE CURRENT IN A 

HIGH VOLTAGE TRANSMISSION LINE 

This is a continuation of application Ser. No. 595,170, ?led 
Nov. 17, 1966, and now abandoned. 

DESCRIPTION OF THE INVENTION 

This invention relates to a current transformer for a measur- ' 

ing device for measuring at a ground potential site the current 
of a high voltage power transmission line or bus by using'elec 
tromagnetic- wave such as microwaves or laser' light as the 
medium. In principle, the current transformer of this invention 
is a current transformer for the measuring device utilizing the 
fact that what is called the Faraday rotation phenomenon in 

_ electromagnetic waves such as, for example, the effect of rota 
tion of the plane of polarization shown by ferromagnetic 
material such as ferrites to the microwaves or the effect of 
rotation of the plane of polarization shown by ?int glass, etc. 
to a laser beam, or such phenomenon as ?eld displacement or 
resonance absorption is generated by the magnetic ?eld as 
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25 
sociated in proportion to the intensity of the electric current _ 
?owing in the high voltage transmissionline. 

Since extra-high voltage power transmission lines are neces 
sary for increasing electric power demands, protection against 
unexpected faults has been a problem of great importance. A 
necessary element of the protection system is a current trans~ 
former which samples current of a high voltage wire and sup— 
plies basic information on magnitude and direction of the cur 
rent in order to determine time and location to operate one or 
more circuit breakers. _ 

A conventional current transformer consists of iron cores 
and insulated wires immersed in insulating oil surrounded by a 
ceramic bushing. For anvextremely high voltage line which ex~ 
ceeds 500 kilovolts, especially in an area having severe surface 
contamination, a conventional current transformer loses 
?delity of wave form reproduction, but also needs a huge 
ceramic bushing which is very costly. In 1965, a current mea 
suring device using light pulse trains frequency~modulated by 
a current of a high voltage wire was utilized. This device 
delivers precision data about the magnitude of the current, 
though it needs a package containing active electronic circuits 
in its energized part. . 

The main object of this invention is to measure an extra high 
voltage transmission line current above a voltage of 500 
kilovolts, for example, at the ground potential site. Another 
object of this invention is to measure, without the large ceram 
ic bushing capable of withstanding'an extra high voltage, the 
iron cores and insulated wires immerse in insulating oil sur 
rounded by a ceramic bushing required in a conventional cur 
rent transformer. > 

A further object of this invention is, by the above method, 
to prevent troubles caused by the dielectric breakdown caused 
in the conventional current transformer by an abnormally high 
voltage, particularly the surge voltage wave caused by'lightn 
ing, etc., and troubles caused by the dielectric breakdown 
caused by the contamination of the bushing by various chemi 
cals. Another object of this invention is to eliminate the need 
for the transmitter comprising the active element and the 
power source required-on the side of the high voltage trans 
mission line in the conventional measuring instrument using 
radio telemetering instead of the conventional current trans 
former. 

In order to realize these objects, the practical embodiment 
of this invention comprises a magnetic effect element pro— 
vided in the magnetic ?eld adjacent to the high voltage trans 
mission line, for rotating the plane of polarization of or modu— 
lating the physical quantity, such as the phase or the amplitude 
of the electromagnetic wave sent from the ground potential 
site corresponding to the intensity of the magnetic ?eld ad 
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invention using the Faraday rotation of the 
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jacent to the high voltage transmission line. An electromag 
netic wave radiator radiates an electromagnetic wave, such as 
microwaves or laser light, from the ground potential site to the 
magnetic effect element. A device sets the electromagnetic 
wave passage so that the electromagnetic wave passes the said 
magnetic effect element and is supplied to the measuring in 
strument at the ground potential site. A demodulator receives 
the electromagnetic wave fed back to the ground potential site 
and converts it into a physical quantity proportionate to the 
line current. 

Since the current transformer for an electromagnetic wave 
measuring instrument in accordance with this invention can 
measure the magnitude of the electric current without any in 
sulated conductor even when the electric current to be mea 
sured is in a high voltage region, it is possible to eliminate the 
problem of insulation. Furthermore, since iron cores or the 
like are not used, it is also possible to measure the direct cur 
rent. The present invention thus provides an extremely excel 
lent measuring means for the transformation of a extra high 
voltage and a large current and its effect becomes great in a 
measuring system for use in an extra high voltage, etc., where 
there is a problem of insulation. 
Those and further objects, advantages nd special features of 

the invention will become more clear as the description 
proceeds with reference to the accompanying drawings, in 
which: 

FIG. I is a perspective view of an embodiment of the cur 
rent transformer of the present invention using the Faraday 
rotation of the plane of polarization of microwaves; 

FIG. 2 is a comparative diagram showing angles of Faraday 
rotation in each part of the embodiment shown in FIG. 1; 

FIG. 3 is a block diagram which shows the principle of 
another embodiment of the current transformer of the present 

plane of polariza 
tion of laser light; 

FIG. 4 is a perspective view of the actual constitution of 
another embodiment of the current transformer of the present 
invention; ‘ 

- FIG. 5 is a comparative diagram which shows the angle of 
rotation of the plane of polarization of laser light in each part 
of the current transformer of FIG. 3; 

FIG. 6 is a comparative diagram showing a measured rela 
tion between an output voltage of he differential ampli?er and 
a current of the high voltage transmission line. 

In the FIGS., the same components are identi?ed by the 
same reference numerals. 

The current transformer of the present invention is included 
in measuring apparatus which utilizes an electromagnetic 
wave for measuring the current in a high voltage transmission 
line. In the embodimentof FIG. 1, the current transformer 
comprises a ground potential site which includes a wave 
generator for transmitting to the high voltage transmission line 
an electromagnetic wave. A magnetic effect element is pro 
vided in the magnetic ?eld produced by the current in the high 
voltage transmission line for modulating the electromagnetic 
wave transmitted from the site in accordance with the intensi 
ty of the magnetic ?eld. Horn antennae direct the electromag 
netic wave from the site to the magnetic effect element. The 
electromagnetic wave istransmitted through the magnetic ef 
fect element and ‘the modulated electromagnetic wave is 
directed back to the site via the Horn antenna. A demodulator 
converts the returned modulated electromagnetic wave to an 
output proportional to the magnitude of the current in the 
high voltage transmission line. I 

In FIG. 1, a coil 2 to increase the intensity of the magnetic 
?eld is connected in series with a high voltage transmission 
wire I. The coil 2 is wound around an endpart of the circular 
wave guide 10. The magnetic ?eld is therefore in the direction 
of the axis of the circular wave guide associated with the cur 
rent ?owing in the coil 2. A ferrite rod 11 is provided along the 
magnetic ?eld. The other end of the circular wave guide 10 is 
connected to a horn antenna 9 for receiving the electromag 
netic wave transmitted from the ground potential site. 
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The termination of the circular wave guide I0 is so shorted 
that the electromagnetic wave passed through the ferrite rod 
I1 is able to re?ect and pass again through said ferrite rod 11. 
On the other hand, at the ground potential site the elec 
tromagnetic wave from a wave generator 3 is transmitted 
through an isolator 4, a mode converter 5, a circular wave 
guide 6 and a horn antenna 8 and is transmitted to a horn an 
tenna 9. 

The electromagnetic wave sent back from the horn antenna 
9 is received by said horn antenna 8. Part of the energy trans 
mitted from the antenna 9 is obtained by means of a 
directional coupler 7 connected to the circular wave guide 6 
and transmitted to a demodulator 14 through a isolator 13. 
The output energy of said demodulator I4 is ampli?ed by a 
ampli?er l5 and led to a output terminal 16. Therefore, by 
means of a measuring device connected to the output terminal 
16, the magnitude of the current in the high voltage transmis 
sion wire can be observed. 

As evident from the foregoing. the output of electromag 
netic wave generator 3 generates a linearly polarized wave in 
the circular waveguide 6 when it enters said circular 
waveguide through isolator 4. 
By the way, the circular waveguide can transmit an elec 

tromagnetic wave in any direction parallel to the section. 
(This will be hereafter referred to as the TE,l mode.) 

Therefore, if the electromagnetic wave is transmitted from 
the electromagnetic wave generator 3 described above into 
circular waveguide 6 through mode converter 5, it is possible 
to provide a linearly polarized wave which is polarized in a 
certain direction determined by the geometric arrangement of 
said mode converter. 
The linearly polarized wave in this direction passes through 

circular waveguide 6 without disturbance of the mode. The 
horn antenna 8 transmits the electromagnetic wave to the high 
voltage site. 
At the high voltage site, the electromagnetic wave is again 

converted into the mode of circular waveguide 10 by horn an 
tenna 9 and is linearly polarized and is led to the cylindrical 

. ferrite rod 11. 

The of 2 is wound around the ferrite rod 11 and therefore 
the line current generates a magnetic ?eld parallel to the axis 
of the ferrite rod. The intensity H of this magnetic ?eld is 
precisely proportional to the electric current of the high volt~ 
age transmission line. At this time, the plane of polarization of 
the linearly polarized wave passing through the ferrite rod 11 
rotates by the Faraday effect as far as said ferrite rod is mag 
netized in the saturated region. ‘ 

Namely, if the linear polarization in electromagnetic wave 
generator 3 is directed as shown in the circle diagram 21 
shown in FIG. 2, the polarization in the circular waveguide 10 
in the high voltage site is also directed in the same direction. If 
this passes through the ferrite rod 11, it rotates by a certain 
angle 0 as shown by the direction of circle diagram 22 shown 
in FIG. 2. 

This angle of rotation 6 can be expressed as 
6 = VI-IL 

when the length of ferrite rod 11 is L and the magnetic field in 
tensity in the axial direction is H, Here, V is Verdet's constant, 
which is a constant determined corresponding to the Faraday 
rotation material such as the ferrite. 
Then, said electromagnetic wave further proceeds and 

comes to the termination 12, where it is re?ected and passes 
through the ferrite rod 11 again as it returns. Therefore, the 
plane of polarization is rotated again by 6 in the same 
direction according to the principle of Faraday rotation, with 
the result that the plane of polarization has rotated by 20 al 
together, as shown by circle diagram 23 in FIG. 2. Then, the 
electromagnetic wave returns by the same route as it passed 
when it went to the high voltage site and is supplied to circular 
waveguide 6 at the ground potential site, which is the trans 
mitting side. Since the circular waveguide 6 includes a 
directional coupler 7 provided in a direction shifted by 45° 
from polarization of the linearly polarized wave, the reflected 
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wave which has been fed back passes through the arm 17 of 
said directional coupler at its amplitude cos (45°—0) and en 
ters the demodulator 14 through the isolator 13. This output I 

'8 lacos i(45°~20)i= (i) 
and when 2H is smaller than 45°, I is 

[#M-HIJZI‘) (2) 
Here, I0 and II are constants, so that if only the variable value 
(the second term of the right-hand side) is noticed, it is pro 
portional to 6, i.e., the magnetic ?eld intensity and ac 
cordingly to the transmission current. Therefore, needless to 
say, it is possible to reproduce at the output terminal 16 an 
electric current having a waveform similar to the waveform of 
the electric current of the transmission line and having a value 
of the ratio of transformation of the absolute value of the line 
current after amplifying the output in the ampli?er 15 by a 
suitable factor. The output at the output terminal 16 can be 
read by an indicating instrument and the indicated value 
available at this time is proportional to the line current. 
By the way, it is possible to give the property of redundancy 

to the system by providing other demodulator means and 
other ampli?er means as the auxiliary devices through other 
45° directional coupler means provided at positions symmetri 
cal to the circular waveguide 6. Furthermore, when trouble in 
the electromagnetic wave generator 3, the automatic 
switching can be readily performed by using the demodulator 
output as a pilot for switching. 

Also, the compensation of the loss of the transmission line 
system or the self scaling thereof and the zero point scaling of 
the indicated value can be readily performed by modulating 
the electromagnetic wave generator 3 by a low frequency 
square wave signal and controlling the detection and ampli? 
cation by this signal or performing the local feedback. 

Faraday effect in the magnetic effect provided in the high 
voltage site has been explained above. It has been proved by 
experiment, however, that it is possible to reproduce the cur 
rent signal by means of what is called the amplitude detection 
and phase detection. This makes the transmission line current 
the amount of attenuation or the amount of phase displace 
ment of the electromagnetic wave which passes as the varia 
tion of the magnetic permeability of the element by adopting 
the ?eld displacement type, i.e., by providing and affixing the 
ferrite and the bias magnet in the waveguide in parallel with 
the transmission line, thus constituting the system as the isola 
tor type or the phase shifter type. 

Also, it is possible to improve the linearity by adopting the 
element constitution of the magnetic resonance absorption 
type, i.e., by facing absorbing cells to the transmission line by 
the bias magnets and varying the amount of absorption of the 
electromagnetic wave corresponding to the variation of the 
line current or detecting it as the differential type of a phase 
0111. 

As described above in detail, in this invention, the elec 
tromagnetic wave is sent out from the ground potential site 
and is passed through the magnetic effect element in the high 
voltage site and is modulated by the line current and the fed 
back wave is detected at the ground potential site, whereby it 
is possible to measure the line current in the high voltage site, 
without any contact or conductor. It is thus possible to 
completely overcome the problems of the insulation of the 
device and its structure, which it has hitherto been difficult to 
solve, and perform an extremely accurate and reliable mea~ 
surement with inexpensive equipment. 

FIG. 3 shows a current transformer using laser and is par 
ticularly a device in which two Faraday rotators are used and 
the ratio of transformation of the electric current is deter 
mined by only the turn ratio of the windings which provides a 
magnetic ?eld for said rotors. 
As is well known, a Faraday rotor located in the magnetic 

?eld rotates the linear angle of polarization which passes 
through the rotor. It is possible to know the value of the mag 
netic ?eld by measuring this angle of rotation. In a measuring 
instrument for measuring the magnetic ?eld as described 
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above and the value of the electric current which is generating 
the magnetic ?eld, the measured value of the electriccurrent 
is varied by the drift by the gain of the detector and the ampli 
fier or the strength of light‘and therefore it cannot be used for 
a precise measurement. It is possible to automatically control 
the gain of the ampli?er, etc. with the purpose to supplement 
the above defect, but ordinarily this is not yet enough to insure 
asuf?ciently precise measurement. 

In order to overcome the above defect, the embodiment of 
FIG. 3 is provided with a Faraday rotator for compensation 
purposes in addition to the Faraday rotator for measuring pur 
poses and is so constituted that the current transformation 
ratio may be determined by only the turn ratio of the excita 
tion coils providing the magnetic ?eld for the two Faraday 
rotators. ' 

FIG. 3 shows an embodiment of this invention in which a 
laser light polarized linearly in a direction as shown by 301 in 
FIG. 5 ‘appears from laser oscillator 31 and goes to Faraday 
rotator 33 through a suitable re?ector 32 and any optical 
system. This Faraday rotator 33 is made of a material of a 
large Faraday rotation effect such as ?int glass and transmits 
the laser light well. An excitation coil 321 for providing the - 
magnetic ?eld is provided adjacent to the Faraday rotor, 
whereby a magnetic ?eld 322 is generated. The number of 
turns of the excitation coil 321 in the device of FIG. 3 is made 
V2 turn so that it may be used for measuring a large current. 
The angle of polarization of the linearly polarized wave 301 
and 302 shown in FIG. 5 is rotated by said magnetic ?eld 322 
by angle of 6 as shown by linearly polarized wave 303 when 
the linearly polarized wave 301 and 302 passes through the 
Faraday rotor 33. 
The linearly polarized wave is then led to the ?int glass rod 

35 for compensation through a suitable re?ector 34 and an 
optical system. Here, the plane of polarization is rotated by 6' 
in the reverse direction as shown by 305 in FIG. 5 by the mag 
netic ?eld by the excitation coil 36 wound around the ?int 
glass rod 35. 

Thus, the angle of polarization has rotated by A0=0—0' from 
the position of the initial angle of polarization .301 and 302. 
This A0 becomes the error signal and is divided by polarization 
resolver 37 into two directions of polarization 306A and 3068 
both shifted from the original angle of polarization 301 and 
302 in FIG. 5 by 45° and meeting at right angles with each 
other. The polarization resolver 37 consists of three prisms 
which are made of calcite crystal (Cacoa) and is called “a 
modified Glan-Thompson prism” or “Johnson’s Prism.” . 
The directions of polarization 306A and 3068 are con 

verted into electric signals by two photocells, 38A Ind 38B 
respectively and these electric signals are ampli?ed by a dif 
ferential ampli?er 39. If A6 is 0, the signals sent out of the two 
photocells, 38A and 38B are equal in value so that-the output 
of the differential ampli?er 39 becomes 0. If A6 is not 0, the 
outputs of the two photocells 38A and 38B become different 
from each other so that the ampli?ed difference signal appears 
at the differential ampli?er. If this is fed back to the excitation 
coil 36 of the flint glass 35 for compensation purposes as 
described above with such a polarity that A6 may become 
small, it becomes possible to make A6 extremely small, sub 
stantially 0. Then, since the Faraday rotation angles 0 and 0’ 
are proportional to intensity of the magnetic ?eld, the Faraday 
rotation angle by the magnetic ?eld due to the electric current 
?owing through the excitation coil 36 for compensation pur~ 
poses becomes equal to the Faraday rotation angle by the 
magnetic ?eld 322 for measuring purposes. ‘The and therefore 
the electric current 330 of the excitation coil 36 for compen 
sation purposes is determined only by the electric current to 
be measured of the high voltage transmission line and cor 
rectly the turn ratio of the two coils. Therefore, if this electric 
current 330 of the excitation coil for compensation is supplied 
to a determined secondary load 350, a current transformer for 
a measuring device can be obtained. 

In this system, if the gain G of the differential ampli?er 39 is 
made large, the error A6 can be made small and if the loop 
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gain including, for example, the passing loss of the laser output' 
and light,_the coef?cient of conversion from the angle of 
polarization to the voltage of polarization resolver 37 and 
photocells 38A and 38B and the gain of differential ampli?er 
39, is made 1000, the error A0 can be made 1/1000. The 
system can therefore reproduce the current amplitude with a 
suf?ciently high precision as a current transformer for a mea 
suring device and is not affected by the variation which occurs 
in the middle of the system. 

Also, according to the theory of automatic control, the 
precision of reproduction of the phase can be made high by 
making the frequency band ofthe feedback loop sufficiently 
wide. 

Again, in this system, the angle of polarization O'becomes 
nearer to 45° than in the other systems and this system can 
also be used in a region in which the characteristic between 
the angle of _ polarization 0 and the output voltages of 
photocells 38A and 38B, becomes nonlinear and the max 
imum angle of polarization that can be used is 45°. 

However, in the system described above, although the error 
A6 is small, it still has a ?nite value and also the maximum 
angle of polarization that can be used is limited to 45°. In 
order to obviate these defects, in the embodiment of FIG. 4, 
first of all, the passage of the laser is mounted in the interior of 
the supporting insulator 411 of the electric wire through 
which the electric current to be measured ?ows and this em 
bodiment is different from'the embodiment of FIG. 3 only in 
the point that an integration circuit410 is provided before or 
after the differential ampli?er 39. The error voltages provided 
by the photocells 38A and 38B are integrated by the integra 
tion circuit 410 and this is amplified and the electric current is 
supplied to the excitation coil 36 for compensation purposes, 
so that A0 can be made 0. Also, the limitation of 45° is 
eliminated from the value of the angle of polarization 6 to be 
measured and 0 can be made any desirable value. 

In the present embodiment shown in FIG. 4, a helium-neon 
gas laser is utilized as a light source which has 6,328 angstrom 
wavelength. 

lts output beam is arranged to travel through a 5 centimeter 
long heavy ?int glass rod supported by a piece of dielectric 
perpendicularly to a power transmission wire. The distance 
between the centers of the wire and the rod was 2 centimeters. 
A transmitted beam from the rod was incident to a modified 

. Glan-Thompson prism made of calcite crystals, and the two 
outputbeams were detected by two photocells having diame~ 
ters of 0.8 centimeters. The'output voltages of the cells were 
fed into a 40 decibel gain differential ampli?er, of which out 
put was displayed on an oscilloscope. 

Sensitivity of he experimental laser current transformer was 
estimated. Assuming that Verdet’s constant of the heavy ?int 
glass is 3.2><1Ol5 radians per ampere-turn, the intensity of the 
incident beam to the analyzer, was 0.9 milliwatts. A quantum 
efficiency and a load resistance of the solar cells were 60 per 
cent and 600 ohms respectively, and the total loss of the 
modi?ed Glan-Thompson prism was one decibel. 
A gain of 100 _(40 db.) was assumed for the differential am 

pli?er. A peak-to-peak voltage of 
VOWEXIM- (amperes) millivolts therefore appeared at its 

, ‘ 7 output terminals. 

FIG. 6 shows a measured relationship between an output 
voltage of the differential ampli?er and'a root-mean-square 
current amplitude measured by a conventional current trans 
former and ammeter. Good linearity and agreement with the 
estimate are seen in FIG. 6. A transient current waveform has 
been also observed with little effect of distortion on the oscil 
loscope. 

Noise level is currently limited by intensity ?uctuations of 
the laser beam, and is about 15 millivolts peak-to-peak at the 
output of the ampli?er. This value can be reduced by an order 
of magnitude by stabilizing the laser output power. 
We claim: 
1. A current transformer for measuring apparatus utilizing 

an electromagnetic wave for measuring the current in a high 



3,597,683 7 
voltage transmission line, said current transformer compris 
ing: 

a ground potential site for transmitting to said high voltage 
transmission line an electromagnetic wave; 

a Faraday rotation element provided in the magnetic ?eld 
produced by the current in said high voltage transmission 
line for modulating an electromagnetic wave transmitted 
from said site in accordance with the intensity of said 
magnetic ?eld; 

electromagnetic wave generating means at said ground 
potential site for directing the electromagnetic wave from 
said site to said magnetic effect element; 

guide means for transmitting the electromagnetic wave‘, said 
guide means including a mode converter, a ?rst circular 
waveguide at said ground potential site, a ?rst horn anten 
na at said ground potential site. a second horn antenna at 
said high voltage transmission line, a second circular 
waveguide at said high voltage transmission line, said 
mode converter being coupled to said ?rst circular 
waveguide for converting the mode of the electromag~ 
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8 
netic wave transmitted from said ground potential site to 
the TE,1 mode, each of said ?rst and second horn anten 
-nae being mounted at an end of a corresponding one of 
said circular waveguides facing the other; and 

receiving means at said ground potential site for receiving 
the modulated electromagnetic wave, said receiving 
means including a directional coupler coupled to said ?rst 
circular waveguide and demodulating means connected 
to said receiving means for converting the received 
modulated electromagnetic wave to an output propor 
tional to the magnitude of the current in said high voltage 
transmission line‘ 

2. A current transformer as claimed in claim 1, wherein said 
directional coupler is so coupled to said ?rst circular 
waveguide that the plane of polarization of the electromag 
netic wave radiated to said circular waveguide from said mode 
converter forms an angle of 45° with the plane of polarization 
ofsaid directional coupler. 


